In the gravity equation of international trade, bilateral trade flows are regressed on trading partners' income and the distance that separates them along with other variables. This widely used equation is traditionally estimated by the ordinary least squares method. We employ an alternative technique of stochastic frontier estimation to assess the potential bilateral trade flows from the same gravity equation. Countries are shown to have low efficiencies in their international trade as the predicted trade from frontier estimation is generally far greater than actual trade. Trade efficiencies are computed and ranked for individual countries, ten geographical regions, and eleven regional trade agreements.
I. Introduction
The gravity equation (GE) is widely used in explaining bilateral trade flows. The GE has been derived from diverse international trade models, ranging from models of complete specialization and identical consumers' preferences (Anderson 1979; Bergstrand 1985; Deardorff 1998 ) to models of product differentiation in a regime of monopolistic competition (Helpman 1987) to hybrid models of different factor proportions and product differentiation (Bergstrand 1989) and to models of incomplete specialization and trade costs (Haveman and Hummels 2004) . Under complete specialization in production, identical consumers' preferences and zero barriers to trade, country i imports from all other countries and its import from country j is equal to Y i Y j /Y w , where Y is income and the subscripts refer to country i, country j, and the world, respectively (see, for example, Deardorff 1998, eq. (2) ).
Typically, the ordinary least squares (OLS) estimation of the gravity equation shows the value of R-squared of about 0.65. The actual trade often deviates considerably from the predicted values from the model. Furthermore, the prediction that each country imports from all other countries does not hold in reality. Haveman and Hummels (2004, p. 211) show that four-fifths of importers at the four and five-digit SITC (Standard International Trade Classification) level buy from fewer than 10 per cent of available suppliers. One way to cope with this fact is to introduce trade frictions and let importers purchase from the cheapest exporters. By denoting with t ij the ratio of prices paid by country i to prices charged by country j, the amount of imports of i from j becomes equal to Y i Y j / t ij Y w (Deardorff 1998, eq. (11) ). Trade frictions are unobservable, but are empirically related to distance and national borders. The relationship between trading costs and distance is assumed to be continuous, whereas the relationship between trading costs and national borders is discontinuous: a sort of jump due, among other things, to differences in legal systems and practices, languages, networks, competitive policies, monetary regimes, tariffs and other restrictions that discriminate against foreign producers.
In addition to income, distance, and borders, the explanatory variables of the GE include a host of other factors that influence bilateral trade. The GE has been very successful in explaining actual trade patterns; in fact, it is considered to be state of the art for the determination of bilateral trade (Leamer and Levinsohn 1995, p. 1384; Feenstra et al. 2001, p. 431) . Traditionally, the GE has been estimated by OLS under the assumption that the differences between the actual values and the predicted values, between country i and country j at time t, are purely random; that is, (1) y ij,t = f(X ij,t ) + ε ij,t , where ε ij,t is the disturbance term, assumed to be independently and identically distributed (iid). In (1), y ij,t is the actual value of bilateral trade, X ij,t is the vector of explanatory variables mentioned above, and f(X ij,t ) the value of predicted bilateral trade. Second, utilization rates of specified inputs may differ across countries because of differences in the quality of institutions. Countries with good institutions have higher marginal input productivities than countries with poor institutions. Finally, trading costs reflect, to some extent, the rent that domestic producers can extract by erecting barriers to trade. Rent extraction will differ across countries and will depend on a host of factors.
Missing inputs, differences in input utilization rates, and differences in rent extraction are for the econometrician a source of misspecification that is hard to correct because it is driven by difficult-to-measure variables. Only by comparing, ex post, the performance of the best against the performance of a particular trading partner can one infer a degree of efficiency of the particular performer with respect to the best possible performer. To be sure, both the representative and the potentially best-performing trading partner are optimizing, but the former faces tighter constraints than the latter.
Newton's gravity equation shows the maximum force between two masses which are spatially separated. Trade gravity equation in (1) can be interpreted the same way.
Two countries try to maximize their trade given the distance, their economy sizes, and other factors in the equation. Equation (1) In sum, to answer our question we need to apply a methodology that is able to differentiate the performance of a given particular trading partner from that of the potentially best, and measure the gap between the two, which we call efficiency. This is the role of stochastic frontier estimation. For example, Aigner et al. (1977) , Charnes et al. (1978) , and Schmidt (1985) use stochastic frontier estimation to calculate efficiency scores obtained from the deviation of actual production or cost values from frontier estimates. Zak et al. (1979) apply the same methodology in evaluating efficiency to professional basketball, Porter and Scully (1982) to professional baseball, Huang and Bagi (1984) to farms in Northwest India, Cummins and Weiss (1993) to the U.S.
insurance industry, Zuckerman et al. (1994) to hospitals, Kaparakis et al. (1994) and Berger and Humphrey (1997) to commercial banks, Hay and Liu (1997) to the UK manufacturing sector, and Worthington (1998) closely following Kumbhakar and Knox Lovell (2000, pp. 74-78) . We further assume, following the literature, that u ij,t and v ij,t are distributed independently of each other and of the regressors of X ij,t in (2).
The two-sided error term, v ij,t , is the normal statistical noise due to luck or measurement errors, whereas the one-sided error term, u ij,t , represents the measure of performance or, in case of production functions, the degree to which actual output falls short of potential output given by the stochastic frontier equation (2). The nonnegative u ij,t in (2) represents "efficiency" of a country in its foreign trade arising from its lack of proper infrastructure or managerial expertise. According to Jondrow et al. (1982) , technical efficiency for each observation is E[u ij,t | ε ij,t ], given the estimate of the residuals in (2) for ε ij,t from the stochastic frontier method. In particular, from the stochastic frontier estimation of (2), we have the estimates of σ v 2 , σ u 2 , and ε ij,t . The estimate of the error term, ε ij,t , is the residual. From the estimation, the following quantities can be computed:
From these estimates, technical efficiency, TE, of each observation is computed
where Huang and Bagi (1984) compute the level of inefficiency for 151 individual farms in Northwest India and find that it ranges from 4.0 to 22.38 per cent. In all these papers, the dependent variables are expressed in logarithmic terms.
In this paper, we have adopted the normal-half normal distribution of v ij,t and u ij,t .
Other distributional assumptions can be made. Instead of the half normal distribution, Kumbhakar and Knox Lovell (2000, pp. 80-89) suggest exponential, truncated normal, or gamma distributions and show that the numerical values of the technical efficiency are sensitive to the choice of the particular distributions. Yet, relative efficiency measures across observations are shown not to be critically dependent on the particular distribution:
see Kumbhakar and Knox Lovell (2000, p. 90) . Use of the normal-half normal in this paper will provide useful relative efficiencies of a given country or of a given group of countries.
II. The Trade Gravity Equation
We estimate the following GE:
where T ij,t is the value of bilateral trade between country i and country j in year t measured in constant U.S. dollars, Y i,t is real gross domestic product (GDP) of country i in year t also measured in U.S. dollars, N i,t is population of country i in year t, D ij is distance between i and j, F ij,t is a vector of other factors, and ε ij,t is a disturbance term.
Equation (6) is the same as the GE derived by Bergstrand (1989, equation 1) , except for the fact that Bergstrand's is expressed in nominal rather than in real terms. Equation (6) is also the same equation used by, among others, Rose (2000 Rose ( , 2002 Rose ( , and 2003 .
Vector F includes a fairly comprehensive list of variables that affect bilateral trade, such as dummy variables if the two countries belong to the same regional trade agreement (RTA), and if they share a common currency, common border, common language, common colonizer in the past, or if one country colonized the other. The RTA dummy proxies for a tariff variable indicating preferential trading. Its coefficient should be positive if countries belonging to RTAs trade more than countries that do not belong to an RTA. We also add an "interregional" dummy variable which is equal to one if the two countries belong to two separate RTAs. The coefficient is negative if there is trade diversion. Common currency, common border, common language, and common colonizer are all trade enhancing. Finally, we add year dummies to control for certain idiosyncratic differences in different calendar years.
III. Frontier Estimates
Rose (2002) Unlike Rose, we use stochastic frontier estimation to quantify trade efficiency as the distance between actual trade flows and the maximum possible trade flows predicted by (6). Stochastic frontier estimation technique, as opposed to OLS method, has been used, as mentioned above, for production functions and cost functions. Since we view the GE as the outcome of the minimization of transaction or transportation costs in international trade, the stochastic frontier estimation is relevant and adequate for the GE.
Frontier estimation has been performed by using LIMDEP, Version 8, assuming that the efficiency component is half-normally distributed. In addition to stochastic frontier estimation, we also estimate (6) by OLS. Results are given in Table 1 .
[Insert Table 1 about here] 1 Some authors have dealt with trade potentials. According to Sohn and Yoon (2001, p. 29) , positive residuals mean that those countries are trading more than the model predicts to indicate "that other factors not considered by gravity model may be facilitating" the trade, whereas negative residuals indicate that "there exist other important trade impeding factors leading to a considerable level of 'missing trade,' which cannot be explained in our gravity model."
The first column in Table 1 shows the right-hand side variables of (6). Data are mostly from Rose (2003) and consist of 43,746 observations for the years 1975, 1980, 1985, 1990, 1995, and 1999 ; for more details, see notes to Table 1 Unlike in Table 1 , where regional trade agreements are only collectively included under regional and interregional dummy variables, Table 2 identifies eleven separate
RTAs. The differences and similarities between OLS and frontier estimates in Table 2 are about the same as those in Table 1 . Again, the results in Table 2 from OLS are broadly similar to those reported in the literature. The purpose of presenting both OLS and frontier estimates in two different specifications, with and without individual RTAs, is to
show the similarities and differences of the two estimation techniques.
[Insert Table 2 about here]
IV. Trade Efficiency Measures
Once we have estimated the trade GE by the stochastic frontier technique, we compute the efficiency measures for each observation using (5). In Table 3 Table 3 .
We investigate the efficiency measures for selected groups of countries in our sample; see Table 4 . 3 Out of ten groups, which are neither mutually exclusive nor exhaustive, high income economies have the highest average efficiencies according to both measures. On the other hand, South Asian countries have the lowest efficiencies.
According to frontier estimations, the efficiency of the EU is about the same as that of the OECD, but according to OLS estimations, the EU is more efficient than the OECD. The correlation between the two measures is 0.90. We have also investigated the efficiency measures for those eleven RTAs; see Table 5 . The ANDEAN has the lowest efficiency according to the frontier method, but the NAFTA has the lowest one according to the OLS method. On the other hand, the ASEAN has the highest efficiency from the frontier method, but the ANZCERTA has the largest OLS residual. The correlation coefficient between the two residuals is 0.74, which is considerably lower than those in the earlier groupings.
[Insert Tables 4 and 5 Second, the stochastic frontier method is designed to measure efficiency in production or cost functions. In production, we explicitly recognize that some firms are more efficient than others. The most efficient firms are at the frontier of the production function and produce the maximum possible output for given technology and inputs. The most efficient firm, or the firm with best practices, will have zero inefficiency in the "deterministic" frontier estimation technique. In our "stochastic" frontier estimation technique, however, we allow that even the most efficient firm may not be on the production frontier by introducing an additional stochastic error term, v ij,t in (2), in the function.
Third, the efficiency measures from the stochastic frontier estimation therefore compute "realistic" departures from the production or cost frontier. The most efficient production firm or the most cost effective firm may still have some room for further improvement to reduce the random disturbance component. As such, the stochastic frontier estimation technique has been used to investigate the efficiency of different commercial banks, production facilities, and cost effectiveness of different firms.
Notwithstanding our preferences for frontier methodology over OLS, we have to be careful in interpreting efficiency measures and rankings. These measures are model specific. In our case, we take the GE as the best or "true" model of international trade.
The "true" model is different from the perfect model, which would perfectly explain the dependent variable by the right-hand side variables without any disturbance terms. The true model, although it has all relevant variables, explains the dependent variable with errors. As such our efficiency from the gravity equation should alternatively be termed as "GE-efficiency."
We have argued that the GE is regarded as the best equation of bilateral trade flows. As long as the equation is considered to be the best one, the efficiency measures that it generates can also be regarded as the best ones. It is possible, and in fact it is common practice, to improve upon our Equation (6) by including other relevant factors.
With improvements in specification, subsequent efficiency measures will also improve.
Thus, the efficiency measures in this paper are the most accurate ones given the equation and the data we currently have. Our computed trade efficiencies, generated from the GE, are relatively small.
Singapore, the most efficient country in our sample, has a score of 0.338 out of a maximum of one, suggesting that the frontier is very distant. The ASEAN is the most efficient RTA, whereas the ANDEAN is the least efficient. As Kumbhakar and Knox Lovell (2000, p. 90) show, the absolute values of the efficiency measures are sensitive to the adoption of particular distributions in stochastic frontier estimation. We have used a half normal distribution. Yet, as Kumbhakar and Knox Lovell (2000, p. 90 ) also show, the relative values of the efficiency measures across observations, in this case across trading partners, are not very sensitive to the particular distributional assumptions. The efficiency measures of different countries or of different groups of countries in this paper will be very useful for comparison purposes. Finally, the wide dispersion in computed efficiencies suggests that significant increases in global trade flows can be achieved by relative low-efficiency countries converging to the performance of high-efficiency countries. 0.024) 1975, 1980, 1985, 1990, 1995, and 1999 1975, 1980, 1985, 1990, 1995, and 1999 Table 3 . When both trading partners belong to the same group, those observations therefore are counted twice in the computation. 
